Breast carcinomas are complex, three-dimensional tissues composed of cancer epithelial cells and stromal components, including fibroblasts and extracellular matrix. In vitro models that more faithfully recapitulate this dimensionality and stromal microenvironment should more accurately elucidate the processes driving carcinogenesis, tumor progression, and therapeutic response. Herein, novel in vitro breast carcinoma surrogates, distinguished by a relevant dimensionality and stromal microenvironment, are described and characterized. A perfusion bioreactor system was used to deliver medium to surrogates containing engineered microchannels and the effects of perfusion, medium composition, and the method of cell incorporation and density of initial cell seeding on the growth and morphology of surrogates were assessed. Perfused surrogates demonstrated significantly greater cell density and proliferation and were more histologically recapitulative of human breast carcinoma than surrogates maintained without perfusion. Although other parameters of the surrogate system, such as medium composition and cell seeding density, affected cell growth, perfusion was the most influential parameter.
Introduction
Traditionally, preclinical research in the field of cancer biology has involved in vitro analysis of cell behavior, predominately utilizing two-dimensional (2D) cell culture, and in vivo studies using animal models. It is well appreciated that these two types of model systems differ widely, including differences in dimensionality and in the microenvironment surrounding cancer cells. [1] [2] [3] [4] Differences between these two models, as well as the inherent differences between these models and human malignancies, may lead to inaccurate assessment of cancer biology. Culture methods that better bridge the gap between in vitro and in vivo models have been developed, including the use of cell spheroids, microfluidics platforms, and solid threedimensional (3D) culture in an extracellular matrix (ECM), yet many current methods still lack crucial parameters such as human stromal cells, relevant ECM, and/or an appropriate volume to best mimic a human tumor in vivo. [5] [6] [7] [8] [9] [10] [11] Each of these components (i.e. stromal cells, ECM, and volume/dimensionality) is known to affect cellular behavior and therapeutic response; therefore, it is not surprising that currently utilized in vitro and animal model systems often do not accurately predict the efficacy of candidate therapeutics. This is reflected in the extremely low number of candidate therapies that progress to clinical use. Only 7% of drugs that enter Phase I clinical trials in the field of oncology become useful therapeutics. 12 The volume or dimensionality associated with human cancers can greatly affect oxygen and nutrient gradients, which, in turn, may result in non-uniform drug exposure and diffusion as well as interstitial pressure and/or blood flow disturbances. 13 The dimensionality of cancers also creates a dynamic 3D architecture that allows malignant cells to take cues from their microenvironment, including matrix proteins and stromal cell populations. These parameters impact therapeutic efficacy and can alter drug response in vivo, yet most current in vitro models have a thickness or maximum diameter of less than 500 µm, with some spheroid models reaching 1-3 mm in dimension. 2, 7, [13] [14] [15] Whereas most breast carcinomas detected by mammography have a diameter of 1.0 cm or greater. 7, 15, 16 Tissue engineered 3D in vitro models can be designed to include important components of the tissue microenvironment, such as human stromal cells and ECM, in a more relevant volume. 4, 17 Models that include these components are particularly important for studies that aim to evaluate the effect of the tumor microenvironment on malignant cell behavior, as well as the evaluation of therapeutic efficacy. However, the increased dimensionality of these model systems may limit oxygen and nutrient diffusion which could negatively affect viability and growth, especially with multi-day or multi-week culture.
While 3D in vitro tissue models offer many benefits, there is an increased experimental complexity associated with this type of model. The added complexity of dimensionality and the presence of multiple cell types require precise optimization of each experimental parameter to obtain sufficient growth and sustain these models effectively. Herein, the development and characterization of a 3D tissue engineered breast carcinoma surrogate with a more relevant volume, human cell composition, and tumor microenvironment is described. The surrogates are composed of ECM containing MDA-MB-231 breast cancer epithelial cells (ECs) and human cancer-associated fibroblasts (CAFs) within a structural scaffold, with a total surrogate volume of 1.2 cm 3 and maximum dimension of 1.0 cm. To maintain viability, this volume is penetrated by four (400 µm) channels and housed in a bioreactor system (described in detail in Marshall et al., 18 shown in Figure 1 ) to deliver nutrients via continuous perfusion using a micro-peristaltic pump. Surrogates were assessed for their ability to recapitulate the morphology and cellularity of human breast carcinoma and for the maintenance of growth over multiple weeks. Each component of the model (i.e. ECM, constitute cells, and medium) was varied and the resulting impact on morphology and cellularity was determined after multi-week growth.
Methods

Characterization of hematoxylin and eosinstained sections of human breast carcinoma
Hematoxylin and eosin (H&E)-stained histologic sections of human breast cancer were obtained from the archives of the University of Alabama at Birmingham (UAB) Department of Pathology after approval from the UAB Institutional Review Board for Human Use. A waiver of patient authorization was requested and subsequently approved by the UAB Institutional Review Board for Human Use. Tumor grade was determined by a trained anatomic pathologist (A.R.F.) using the Nottingham Histologic Score. 19 All tumors evaluated were infiltrating ductal carcinomas (carcinoma of no special type). (a) Image of the bioreactor system which is constructed from a PDMS flow channel that contains the breast carcinoma surrogate. The bioreactor is connected by tubing to a media reservoir (asterisk) and a microperistaltic pump (pump not shown). (b) Cartoon representation of the breast carcinoma surrogate setup. The PDMS flow channel, containing a PDMS foam (gray 3D rectangle) that functions as a structural support and four 400-µm wires (top), gets injected with the cell-ECM mixture. (c) Following ECM polymerization, wires are removed to create four microchannels to allow for delivery of medium to the surrogate following connection to the bioreactor and micro-peristaltic pump (breast cancer epithelial cells (orange) and CAF (green) embedded in ECM (pink), PDMS foam not shown).
The numbers of ECs and fibroblasts were manually counted in photomicrographs of H&E-stained histologic sections (400×), based on morphologic criteria and location in the tissue by two independent reviewers. The ratio of ECs to fibroblasts (E:F), cell density, and cell aggregation were determined by evaluating five representative fields of view (FOVs) for each case, as described below.
Image analysis of histologic sections for cell aggregation, cell density, and percent area occupied by cells
Cell aggregation, cell density, and the percent area occupied by cells were determined on photomicrographs (400×) of H&E-stained histologic sections of human breast carcinoma tissues (five representative photomicrographs of each breast carcinoma analyzed) or surrogates (complete cross sections of each surrogate analyzed). The number of cell aggregates was determined using the ImageJ Colony Blob Count Tool plugin with background subtraction, the application of a Gaussian filter, and a minimum group size of 5000 pixels. The number of aggregates was normalized to the cross-sectional area so that cellular aggregation was defined as the number of cellular aggregates per 1 × 10 6 pixels 2 (area). The same photomicrographs were used to manually evaluate cell density, which was defined as the number of nucleated cells per 1 × 10 6 pixels 2 (area). The percent area occupied by cells was determined using the polygon tool in ImageJ where the total portion of the matrix containing cells was divided by the total surrogate area and multiplied by 100, for each surrogate.
Cell culture
MDA-MB-231 cells (231) were obtained from Dr Danny Welch (University of Kansas) and the human mammary microvascular endothelial cells (HMMECs) were obtained from ScienCell. The identity of the 231 cell line was confirmed by STR analysis (DNA profiling performed in the UAB Heflin Genomics Core Laboratory). CAFs were isolated by us as described previously, 20 after approval from the UAB Institutional Review Board for Human Use. A waiver of patient authorization (i.e. informed consent) was requested and subsequently approved by the UAB Institutional Review Board for Human Use. Subsequently, CAF and HMMEC were immortalized via transduction of human telomerase (CAF-hTERT and HMMEC-hTERT) followed by mass selection, verification of hTERT overexpression (data not shown), and continued growth. The MDA-MB-231 cell line was maintained in Dulbecco's modified Eagle's medium (DMEM; Corning) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals) (EC complete growth medium). CAF-hTERTs were maintained in DMEM supplemented with 10% FBS and 10 µg/mL hygromycin (MP Biologics). HMMEC-hTERTs were maintained in endothelial basal medium (ScienCell) supplemented with 5% FBS (ScienCell), endothelial cell growth supplement (ScienCell), and 10 µg/mL hygromycin (HMMEC medium). Spheroids were formed by culturing 231 cells on 1% agar-coated 10-cm dishes for 3 days prior to incorporation into 3D cultures.
Surrogate preparation
Solid 3D surrogate preparation. Four concentrations (1.9, 4.0, 6.0, and 8.0 mg/mL) of pepsin-extracted collagen type I (bovine; Advanced Biomatrix) were utilized in combination with 10% (by volume) growth factor reduced Matrigel (BM; BD Biosciences). The 231 cells and CAFhTERT (2:1) (2.1 × 10 6 total cells/100 µL ECM) were incorporated into each ECM combination. In all, 100 µL of cell-ECM mixture was plated into each well of an eightwell chamber slide (Thermo Scientific) and the mixture was polymerized for 45 min at 37°C, 5% CO 2 . Following ECM polymerization, 100 µL low-serum EC medium (DMEM + 0.05% FBS) was added on top of solid 3D surrogates. Surrogates were maintained for 7, 14, or 21 days with medium changed every 2 days. For solid 3D cultures containing 231 cell spheroids, 1.5 × 10 6 cells were grown on 1% agar-coated 10-cm dishes. The resulting spheroids and 7 × 10 5 CAF-hTERT (single-cell suspension) were incorporated per 100 µL ECM, for a cell concentration of approximately 2.2 × 10 6 total cells/100 µL ECM and an E:F ratio of 2:1. Following culture, surrogates were fixed in buffered formalin and paraffin-embedded (FFPE) for histological analysis.
Non-perfused and perfused 3D surrogate preparation. The 231 cells and CAF-hTERT (2:1 E:F ratio, 2.1 × 10 6 or 1.05 × 10 6 total cells/100 µL ECM) were mixed into an ECM containing 6.0 mg/mL bovine collagen I + 10% BM (by volume) and injected into a polydimethylsiloxane (PDMS) foam within the PDMS bioreactor housing/flow channel ( Figure 1 , PDMS foam measuring approximately 10 mm × 2.4 mm × 5 mm and penetrated by four 400-µm Teflon-coated wires located within the PDMS flow channel). Description of the preparation of the PDMS foam is presented subsequently. Following ECM polymerization, the Teflon wires were removed, generating four microchannels in the ECM-cell mixture and PDMS foam. Non-perfused surrogates in the flow channel were then placed into a bath of 20 mL low-serum EC medium (DMEM + 0.05% FBS) for 7, 14, or 21 days and medium was changed every 7 days. Perfused surrogates in the flow channel were placed in the bioreactor support structure and connected to a micro-peristaltic pump and a media reservoir via silicone tubing, as previously described 18 and depicted in Figure 1 , and continuously perfused with 20 mL medium (DMEM + 0.05% FBS or HMMEC media containing 5% FBS) for 7, 14, or 21 days, with media changed every 7 days. Following growth, surrogates were processed (FFPE) and histological sections were prepared, as previously described. 18 
PDMS foam preparation
Alginate beads were formed by dispensing a 2% sodium alginate solution dropwise into 1% calcium chloride containing 0.5% Tween-20 using a 26-or 31-G needle. Following formation, alginate beads were mixed with PDMS elastomer and curing agent (Sylgard ® 184 Silicone Elastomer Kit; Dow Corning; 10:1 ratio) in a 35-mm Petri dish. Vacuum pressure was applied briefly and the mixture was cured overnight at room temperature. Following PDMS curing, alginate beads were dehydrated using vacuum pressure incubation at 60°C. Dehydrated beads were washed from the resulting foam and the foam was sterilized prior to use, as described in Calcagnile et al. 21 
Immunohistochemistry and analysis
Histologic sections of FFPE surrogates were immunostained with anti-Ki-67 (Clone Sp6; Thermo Scientific; 1:100 dilution) or anti-cleaved caspase 3 (Cell Signaling; 1:100 dilution), following heat-induced antigen retrieval using pH 6.2 citrate buffer (Biogenex). Dako Envision + Dual Link System HRP kit, containing the DAB + chromogen was used for secondary detection. The percentage of positively stained nuclei (Ki-67 labeling or cleaved caspase 3 labeling) per FOV was counted, with a minimum of 400 cells analyzed per replicate surrogate.
Quantifying E:F in tumor surrogates
Serial histologic sections (complete cross sections of each surrogate) were immunostained to distinguish 231 cells from CAF-hTERT. Anti-cytokeratin 8 (CK8) (1:150; Thermo Scientific), detected with anti-mouse Alexa 594 (1:500; Life Technologies), was used to stain 231 cells following heat-induced antigen retrieval using citrate buffer (pH 6). Anti-fibroblast activation protein (FAP) (1:200; R&D), detected with anti-sheep Alexa 488 (1:500; Life Technologies), was used to stain CAF-hTERT. 4′,6-Diamidino-2-phenylindole (DAPI) (1:1000) was used as a nuclear counterstain. A minimum of 500 cells were analyzed per replicate surrogate. Marker specificity was verified prior to staining using FFPE histologic sections containing each cell type separately. To evaluate each cell population, the percentage of cells that were FAP-positive and the percentage of cells that were CK8-positive were determined for each surrogate. These values were compared to the original proportion of each cell type incorporated into the surrogates.
Elastic modulus measurement
Using a dynamic mechanical analyzer (DMA; PerkinElmer), cyclic unconfined compression testing was completed on polymerized ECM samples, without cells embedded, in a humidified chamber at 37°C. Compression testing was completed at 1-Hz frequency following 20% preconditioning for 20 cycles. The elastic modulus was calculated using values obtained between 0% and 3% strain.
Growth curve analysis
The 231, CAF-hTERT, and HMMEC-hTERT were grown in standard 2D culture in each of the following media combinations: EC complete growth medium, low-serum EC medium, and HMMEC medium. Growth curves were generated by counting the number of viable cells per well (via trypan blue staining) every 24 h for 8 days. Three replicate wells were evaluated per time point.
Statistics
One-way analysis of variance (ANOVA) with multiple comparison testing was used to evaluate significant differences between three or more groups. Unpaired Student's t-test was used to evaluate significant differences between two groups. Pearson's correlation coefficient was computed to evaluate correlations between two groups.
Results
Endpoint parameters are defined by histologic sections of human breast carcinoma
Breast carcinoma is a heterogeneous disease that often presents histologically as aggregates of breast carcinoma ECs surrounded by stromal cells, predominately CAF, and ECM. The degree of cell aggregation, the number of stromal cells, and the total number of cells per tumor area can vary greatly within this disease. Characterization of these parameters from several cases of human breast carcinoma provided a baseline with which to compare our breast carcinoma surrogates. Because the methods used to evaluate the tissue surrogates are similar to those used in the routine clinical evaluation of human breast carcinomas (i.e. utilization of histologic sections of FFPE tissues), characterization of endpoint parameters of interest in breast carcinoma samples provided the most relevant comparison to ensure accurate histological recapitulation. The number of cells per area (cell density), the degree of cell aggregation, and the E:F were evaluated on five representative photomicrographs of H&E-stained histologic sections for each of the eight breast carcinomas. In tissues, the cancer ECs are cytologically atypical and often show some degree of aggregation, whereas the stromal fibroblasts have round to spindled nuclei and lie singly in abundant ECM. These morphologic features were used to distinguish and count these two cell types to arrive at an E:F. The Nottingham Histologic Score 19 was used to assign a histologic grade (Figure 2(a) ). The degree of variability in the measured parameters between cases reflected the heterogeneity of breast carcinoma. This variability can be appreciated in Figure 2 (b), which shows photomicrographs of H&E-stained sections from three cases with distinct E:F, cell aggregation, and cell density. The median E:F found in the eight cases evaluated was 2:1 (range 1:1-15:1), depicted in the middle photomicrograph (case 8) of Figure 2 (b). The mean E:F, number of aggregates, and cells per area (1 × 10 6 pixels 2 ) are presented in Figure 2 .
PDMS foam is a supporting scaffold for use in the bioreactor system
The current design of our bioreactor system utilizes a support structure, or scaffold, to stabilize the tissue surrogates during growth so that they can withstand fluid flow. Previously, we have used a carbon foam to provide the necessary stabilization. 18 While this scaffold provided the support needed, it was not optically clear, making it challenging to evaluate growth during culture. A scaffold that is inert, provides support, is easily sectioned for histology, and has optical clarity would be ideal. A PDMS foam was generated using methods similar to those previously described 21 and was evaluated for use in this system. PDMS is a silicone-based organic polymer that is inert and known to be non-toxic to cells. To make the foam, alginate beads were formed using 26-and 31-G needles, as shown in Figure 3 (a) (top panels). The beads were closely packed together and incorporated into the PDMS prior to curing. Following curing, beads were dehydrated and removed from the PDMS to generate a porous foam (Figure 3(a) ) with partially interconnecting pores. The pore sizes of the foams produced using beads prepared with 26-and 31-G needles were measured. As expected, significantly larger pores were created in the foam using 26-G beads ( Figure  3(b) , unpaired t-test, p ⩽ 0.001).
The optical clarity of the PDMS foam was evaluated by injecting ECM containing 231 cells into the foam backbone and imaging using brightfield microscopy ( Figure  3(c) ). The foam did not hinder the visibility of cells. Furthermore, the foam withstood fixation and processing to paraffin and could be easily sectioned with a tissue microtome (Figure 3(d) ). The foam made using 26-G beads (average pore diameter of 1.2 mm) was chosen for subsequent use in the bioreactor to provide more area, or larger pores, for cell growth over time. 
Elastic modulus of ECM varies with collagen I concentration
The ECM in breast carcinoma is predominately composed of collagen type I with much lower concentrations of other matrix proteins, including those found in basement membrane (BM). [22] [23] [24] [25] To reflect this, the ECM utilized here is predominately collagen type I (90%) with the addition of 10% BM (GFR Matrigel). While breast carcinoma often contains increased ECM deposition that is altered in composition from the ECM in normal breast, 26 to our knowledge the concentrations of specific ECM components in human breast cancers have not been directly measured. It is well appreciated that the mechanical characteristics of malignant tissues are dysregulated compared to normal tissues. [27] [28] [29] In particular, the stiffness or elastic modulus is increased due to increased matrix deposition and cell rigidity in response to biochemical and biomechanical cues from the microenvironment. The increase in ECM stiffness and cancer cell rigidity activates cell signaling cascades that enhance cancer cell migration and invasion. 27, 30, 31 The elastic modulus of ECM is affected by the concentration of collagen and other ECM proteins, with increased concentrations correlating with an increase in the elastic modulus of the ECM. 28, 32, 33 To determine a collagen concentration that approximates the elastic modulus reported for mammary cancers, 29,34 a DMA was used to measure the elastic modulus of ECM composed of 90% collagen I and 10% BM with collagen concentrations of 1.9, 4.0, 6.0, and 8.0 mg/mL. Cyclic unconfined compression testing was completed on polymerized ECM samples. The elastic modulus increased with increasing collagen concentration, as expected ( Table 1 ). The reported values for the elastic moduli of mammary cancers vary widely and are dependent on the specific instrumentation and methods used. 27 Therefore, our data were compared to the ratio of the reported elastic modulus of murine mammary cancer to that of the normal gland, with both measurements obtained using the same method, which was a method similar to the one used by us. 33 The reported ratio of the elastic modulus of a murine mammary cancer to the corresponding normal mammary gland was 24.2 (4049-167 Pa). 33 Similarly for our data, the ratios of the elastic moduli of the ECM with 6.0 or 8.0 mg/mL collagen I to that with 1.9 mg/mL were 19.5 and 40.8, respectively. The elastic modulus of 2.0 mg/mL collagen gels has been reported to be similar to the elastic modulus of normal human breast. 29, 34 The ratio derived using 6.0 mg/mL collagen more closely approximated the reported ratio of 24.2. In addition, 6.0 mg/mL allows for easier incorporation of cells than 8.0 mg/mL and was selected for subsequent use.
Method of cell incorporation into breast carcinoma surrogates
Next, the use of preformed spheroids of 231 cells, as opposed to single cells (depicted in Figure 4(a) ), was examined as a potential means to promote EC aggregation. Cell aggregation was compared after cells were incorporated into ECM (90% collagen I (6.0 mg/mL) and 10% BM) as either single cells (231 and CAF-hTERT, 2.1 × 10 6 total cells/100 µL ECM) or preformed spheroids of 231 cells with single CAF-hTERT (approximately 2.2 × 10 6 total cells/100 µL ECM). For preliminary analysis, 3D solid cultures (surrogates) in eight-well chamber slides were utilized with a starting E:F of 2:1 (median found in evaluation of histologic sections of human breast cancer). The surrogates were maintained in low-serum EC medium (DMEM + 0.05% FBS) for 7 days. Low-serum medium was selected to prevent masking of crosstalk between ECs and CAF. Following culture, surrogates were FFPE. Cell aggregation and density were assessed in complete, H&E-stained histologic cross sections of the surrogates, as described above. In the solid surrogates, there was no significant difference in aggregation (Figure 4(b) ) or cell density ( Figure 4(c) ) between the methods of cell incorporation.
To determine the relative performance in perfused surrogates, 231 spheroids plus single CAF-hTERT or single 231 and CAF-hTERT were incorporated into ECM as described for solid culture above, but prepared in the bioreactor and perfused for 7 days. Both aggregation (Figure 4(d) ) and cell density (Figure 4 (e)) were significantly increased in surrogates generated using single-cell incorporation compared to surrogates prepared using preformed epithelial spheroids (unpaired t-test, p ⩽ 0.01). Therefore, single cells were used to prepare surrogates moving forward.
Perfusion of surrogates enhanced growth at 7, 14, and 21 days culture
To evaluate the ability of our perfusion system to maintain surrogates in extended culture, surrogates with the same ECM (90% collagen I (6.0 mg/mL) and 10% BM) and cell (231 and CAF-hTERT (2:1), 2.1 × 10 6 total cells/100 µL ECM) composition (i.e. same initial cell seeding density) were prepared as 3D solid surrogates or as surrogates with 400 µm microchannels (prepared in the bioreactor flow channel) and either perfused (20 mL low-serum EC medium) or not perfused (non-perfused, that is, bioreactor flow channel placed in a medium bath (20 mL low-serum EC medium) after preparation). 3D solid surrogates were included in this comparison because this form of 3D culture is commonly utilized. Cell density and aggregation were measured in H&E-stained histologic sections of surrogates. At all time points, cell density was significantly greater in perfused surrogates than non-perfused or solid surrogates ( Figure 5 (a) and (b), one-way ANOVA with Sidak's multiple comparison testing, p ⩽ 0.05). At 7 days, cell density was also significantly higher in the nonperfused surrogates than in solid surrogates, but this was not sustained at 14 and 21 days. When looking at the same data over time ( Figure 5(c) ), perfused and non-perfused surrogates showed no significant change in cell density over the 2-week period (7-21 days), suggesting that much of the increase in cell number occurred during the first week of culture in surrogates with microchannels. However, cell density in solid surrogates increased over time (one-way ANOVA with Sidak's multiple comparison testing, p ⩽ 0.05), but there was a significant inverse correlation between this increase in cell density and the decrease in the total cross-sectional area of surrogates (i.e. the area measured) (Supplementary Figure 1 , p ⩽ 0.05, Pearson's correlation coefficient, r = −0.51). There was a corresponding visible decrease in the overall sizes of solid surrogates during culture. Therefore, a possible explanation for the increased cell density in the solid surrogates over time is that the cells were compressed into a smaller area. Aggregation was greater in perfused surrogates compared to solid surrogates following 7 days of culture ( Figure 5(d) , one-way ANOVA with Sidak's multiple comparison testing, p ⩽ 0.05), but this difference did not persist over time. Given that the only difference between perfused and non-perfused surrogates is the presence of perfusion (identical size, composition, setup, amount of medium, and frequency of medium changes); perfusion is likely responsible for enhanced surrogate growth. Proliferation was evaluated by Ki-67 labeling index in solid and perfused surrogates and found to be significantly increased in the perfused surrogates compared to solid surrogates at each time point (Figure 5 (e), one-way ANOVA, p ⩽ 0.001). However, proliferation decreases in perfused surrogates between 14 and 21 days (p ⩽ 0.05 ANOVA), which may be a result of visible cell crowding on histologic sections in the perfused surrogates (appreciated in Figure 5(a) ). There was no change over time in the percentage of cells which demonstrated immunohistochemical staining for cleaved caspase 3 in the perfused surrogates ( Figure 5(f) ), indicating no increase in apoptosis over time. In addition, less than 5% of cells are undergoing apoptosis at all time points evaluated. Together, these data support the use of our perfused surrogates for multi-week studies and indicate that our perfusion system better supports cell growth compared to traditional methods of 3D co-culture. However, at later time points, growth/proliferation is decreasing in this system using the culture parameters described.
Medium selection and cell seeding density affect growth and cell aggregation in perfused surrogates
To promote continued growth of the perfused surrogates, the medium formulation used and the initial number of cells seeded were optimized. Three different medium formulations were tested-(1) DMEM + 10% FBS (EC growth medium), (2) low-serum EC (0.05% FBS), and (3) mammary endothelial cell medium containing 5% FBS (HMMEC medium). Because of future plans to incorporate HMMECs into surrogates, growth curves of 231, CAF-hTERT, and HMMEC-hTERT in 2D culture were completed (Figure 6(a) ) and showed that the HMMEC medium best supported the growth of all three cell lines. Next, HMMEC medium was compared to low-serum EC medium in perfused surrogates (ECM and cell composition as above) with a high cell seeding density (2.1 × 10 6 total cells/100 µL ECM, as above) or a low cell seeding density (1.05 × 10 6 total cells/100 µL ECM). After 21 days growth in low-serum EC medium, cell density and aggregation were significantly lower in the surrogates seeded at low density compared to those seeded at high density (Figure 6(b) and (c), unpaired t-tests, p ⩽ 0.05). However, in the HMMEC medium, initial seeding density had no impact on cell density and aggregation at 21 days. Furthermore, at the low seeding density, perfusion with HMMEC medium resulted in a higher cell density (borderline significance, p = 0.05) and significantly higher cell aggregation (p ⩽ 0.05) than the use of low-serum EC medium. These data indicate a growth promoting effect of HMMEC medium. However, seeding density had no impact on cell density or aggregation when HMMEC medium was used, suggesting that further growth and aggregation were curtailed after a maximum density was reached.
Some areas of the surrogates on histologic sections appeared to have higher cell density or crowding than others. The percent cross-sectional area of the surrogates occupied by cells after growth in the HMMEC medium for 21 days was assessed by image analysis of the histologic sections and was approximately 60% (Figure 6(e) ). We theorized that continued growth might be limited by focal crowding. Therefore, in an attempt to better distribute the cells in the ECM during surrogate setup, and thereby allow more room for growth over time, rotation of surrogates during ECM polymerization was evaluated. Surrogates were seeded at the high seeding density with or without rotation during ECM polymerization and immediately fixed and processed. There was a significant increase in the area of ECM containing cells directly following ECM polymerization with the addition of surrogate rotation (Figure 6(d) , unpaired t-test, p ⩽ 0.05). To evaluate whether surrogate rotation improved cell distribution after growth, surrogates were seeded at high and low seeding densities, rotated during ECM polymerization, and perfused with HMMEC medium for 21 days. The addition of rotation did not improve the distribution of cells at either low or high seeding density (Figure 6(e) ). We hypothesize that this may be attributed to the use of the foam scaffold in our system. Although many of the foam pores are connected and continuous with one another, the foam may be hindering cell movement and expansion into unoccupied areas of the 3D volume. Based on these findings, cell seeding density will need to be modulated dependent on the experimental endpoint and cell types used, with longer growth periods requiring a lower cell seeding density to allow for growth over time.
The E:F ratio increases in perfused surrogates after multi-week growth
To determine whether the ratio of ECs (231) to fibroblasts (CAF-hTERT) (E:F) in perfused surrogates changes over time, the E:F was assessed by immunofluorescence (IF) staining for cell type-specific markers in surrogates perfused with HMMEC media for 7 and 21 days and seeded at high and low cell densities. IF was utilized because, unlike the cancer ECs and stromal fibroblasts in histologic sections of cancer tissues, the 231 and CAF-hTERT were not as consistent in morphology or location. The percentages of cells staining for CK8 (epithelial specific) and FAP (fibroblast specific) were counted on serial histologic sections of surrogates (Figure 7(a) and (b) ). The initial seeding E:F was 2:1 (i.e. 67% 231 and 33% CAF-hTERT), as indicated by the horizontal lines in Figure 7 (c) and (d). After 21 days at either seeding density, the percentages of 231 cells were greater than 67% (Figure 7(c) ) and the percentages of CAF-hTERT were less than 33% (Figure 7(d) ). This was also true for the CAF-hTERT at 7 days. After 21 days, there was an E:F of 5:1 at low seeding density and 3.5:1 at high seeding density. It is likely that the change in ratio can be attributed to a higher proliferation rate in the cancer ECs compared to the CAF, as we have observed in 2D cell culture (231 doubling rate: 16.2 h, CAF doubling rate: 40.3 h). However, the E:F remained within the range determined for human breast cancer (Figure 2 ).
Discussion
We have utilized a perfusion bioreactor system to develop a breast carcinoma tissue surrogate that has an overall volume of 1.2 cm 3 and can be maintained for at least 3 weeks. Nutrients and oxygen were delivered by continuously perfusing medium through microchannels (400 µm) which penetrate the 3D volume and function as a pseudo-vasculature, to sustain viability and promote growth throughout culture. The importance of the perfusion system to the growth and morphologic development of the surrogates was demonstrated by the greater cell density at all time points in the perfused surrogates compared to either solid or non-perfused surrogates. This system also enabled the added complexity associated with the tumor microenvironment that included human CAF and a relevant ECM. Because these surrogates included the 231 cell line, which is representative of the triple-negative subtype of breast carcinoma, they model triple-negative breast cancer. However, the cell components can be varied to model other subtypes of breast carcinoma or other cancer types, such as prostate or pancreatic cancer. In addition, the stromal cell types included could be tailored to address specific biological questions regarding the roles of specific components of the tumor microenvironment (e.g. the addition of adipocytes or tumor-associated macrophages). The ability to maintain the surrogates for multiple weeks permits time for recapitulative morphologic development and potentially for the development of recapitulative tissue biomechanics. The longer culture duration also allows for evaluation of cell-cell and cell-ECM interactions over time. The greater dimensionality and growth period may better predict the efficacy of candidate therapeutics, including the development of drug resistance, which will require extended culture for evaluation.
Triple-negative breast cancers are typically high-grade carcinomas, with a high rate of proliferation and a relatively low degree of cell aggregation. 35, 36 Therefore, the morphology of the surrogates described here should resemble highgrade (i.e. grade 3) breast carcinomas. Indeed, the overall histologic morphology of the perfused surrogates ( Figure  5(a) , bottom panel) resembles some of the high-grade breast carcinomas that we evaluated, such as case 6 in Figure 2 , in which there are sheets of crowded malignant ECs with minimal intervening stroma. In addition, the mean of each of the measured parameters-E:F, cell aggregation, cell density (5:1, 0.86 aggregates per area and 62.8 cells per area, respectively)-of the surrogates grown for 21 days in HMMEC medium using the low seeding density fell within the range of values obtained from the human breast carcinomas, most of which were grade 3 ( Figure 2 ). The cell density of the surrogates, however, was at the higher end of the range for the breast cancer specimens, which may result from the limited room for expansion imposed by the presence of the PDMS foam or a relatively high initial seeding density. While some areas of necrosis were identified in multi-week surrogates, this is representative of breast carcinoma in patients, which often contain areas of necrosis as well as areas of actively proliferating cells. [36] [37] [38] Media composition and the initial cell seeding density affected growth and morphologic development and require consideration during the development of model systems, such as the one described. We found that the use of preformed epithelial spheroids and rotating the tissue surrogates during ECM polymerization were not helpful in promoting surrogate growth or morphologic recapitulation. Single-cell incorporation of ECs and CAF was found to better promote cell density/growth and aggregation, compared to the use of preformed epithelial spheroids in perfused surrogates. While surrogate rotation did help to better distribute cells prior to growth, this affect was lost over time.
In the future, HMMECs will be incorporated into our breast cancer surrogates (lining the microchannels) to further recapitulate the microenvironment, and microvasculature, present in vivo. This addition will add another layer of complexity to our system, one which may be critical for the evaluation of delivery and efficacy of certain therapeutics. 39 An updated bioreactor design that does not require the use of a foam backbone or contains foam with a larger pore size may be beneficial moving forward in order to better distribute cells throughout the 3D volume. In turn, a lower cell seeding density and more even cell distribution may aid in better recapitulation of tissue architecture and make longer growth periods possible, without hindering viability. This will be particularly important for extended evaluation of therapeutic efficacy and recurrence/development of resistance. Additionally, PDMS is known to absorb hydrophobic molecules, including therapeutics, which could impact the testing of therapeutic efficacy. [40] [41] [42] [43] Therefore, the use of other flexible, inert, and clear materials, such as polyurethane, will be considered prior to utilization of this system for drug testing. 44 Since larger 3D models, similar to the one described here, are not widely used at this time, many analytical methods developed for 2D cell culture, including viability assays, have not yet been adapted for use in 3D tissue models, particularly larger models such as ours. 45 Increased dimensionality can hinder traditional imaging-based methods of analysis; therefore, many quantifiable measurements may need to be completed as terminal endpoints resulting in dissolution or processing of the 3D culture. Here, tissue processing and histologic analysis was the terminal analytic method used and provided optimal morphologic analysis for comparison to human breast carcinomas. Moving forward, additional terminal analyses, such as molecular analysis of specific cell populations, or nondestructive analyses, such as interim analysis of perfusates or real-time imaging of surrogates, will be developed to provide additional information about the cellular and molecular response to therapy or other stimuli.
The utility of multi-cellular 3D models for in vitro investigation of the interplay between malignant cells and the stromal microenvironment as well as how this crosstalk influences drug response has been increasingly appreciated and utilized in the field of cancer biology. 46 Recently, complex 3D systems have been utilized to model different stages and processes in breast cancer including the pathogenesis of breast cancer from the ductal carcinoma in situ stage, 47, 48 common sites of breast cancer metastatic dissemination (e.g. bone 49, 50 and liver 51 ) , and the interactions between breast cancer cells and immune cell populations. 52 These models were used to evaluate specific biological processes driving breast cancer development, metastasis, dormancy, and immune modulation. These systems often utilized a microfluidic platform or solid 3D cultures and differed from our surrogate system by being smaller in size, having a different method of perfusion (or no perfusion) and different cell-ECM composition. Our breast carcinoma surrogate system has been developed as a model of primary breast cancer, at a size in which a human tumor could be detected by mammography, and cultured for multiple weeks to allow for development of tumor architecture. The larger size and ECM component of our surrogates also distinguishes them from 3D culture systems currently utilized for preclinical drug testing, which often consist of multi-cellular spheroids. [53] [54] [55] Moving forward, the utility of this system will be evaluated for preclinical testing of new therapeutics.
Conclusion
The 3D in vitro breast carcinoma tissue surrogates described here include a tumor microenvironment consisting of ECM and human CAF and have a dimensionality that approximates breast cancer size at diagnosis. Growth and maintenance of these surrogates for 21 days required the use of a perfusion system to provide necessary oxygen and nutrients. Complex 3D systems such as these require fine tuning of each component to provide the optimal growth environment for morphologic development, extended culture, and subsequent analysis. This model system has the potential for various applications in the evaluation of molecular processes driving carcinogenesis and cancer progression, evaluation of the efficacy of candidate therapeutics, and cancer resistance and recurrence after initiation of therapy.
Supplemental Figure 1 . Changes in average crosssectional area. The average area of the complete histological cross-section of solid, non-perfused, and perfused surrogates following 7, 14, and 21 days culture was measured (n = 5-6 surrogates per experimental condition, one-way ANOVA with Sidak's multiple comparison testing).
